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Abstract. A computer simulation model for the evaluation of 
sol-gel fractions of crosslinked 3 component polymer systems 
is presented. The simulation is based on determining the fate 
of a branching unit by making use of various probability values 
associated with the system as to whether the unit, after the 
reaction, goes to the gel or the sol. The experiment is 
repeated for several such branching units until further repe- 
titionsdo not affect the results. A computer program, develop- 
ed for carrying out this simulation, was tested using simple 
situations where proven statistical models exist. Results for 
complicated cases are also given in the form of tables. 
Keywords. Crosslinked polymers; computer simulation; random 
numbers; probability values; sol fraction. 
INTRODUCTION 
Literature abounds with instances 
wherein computer simulation plays a 
predominant role in solving problems 
of a truly complex character. The 
present papr is concerned with a 
computer simulation model for the 
theoretical predetermination of the 
network structural charscteri$tics 
such as sol and gel of certain kinds 
of pourable elastomers described as 
3 component systems. These find ex- 
tensive applications in the formula- 
tion of solid propellant composition 
with specific physical properties. 
A 3 component system is one in which 
the network is formed by the cross- 
linking between three different che- 
micsl components. Each component 
may be having various functional 
groups within it. The Hydroxy termi- 
nated polybutadiene (HTPB) - Toluene 
diisocyanate (TDT) - Triethylol pro- 
pane - system may be cited as an 
example. 
The mixture of material not attached 
to the network is termed the sol; 
while, in a corresponding sense, the 
main structure or network is known 
as the gel. These terms derive from 
the fact that the two portions can be 
SeDaIYLted comuletelv bv extraction 
with compatible sol;ents; obviously 
the higher the fraction of the mate- 
rial in the gel the higher will be 
the concentration of the effe- 
ctive chains and thus the 
physical strength in a general 
way is dependent on the gel 
fraction. 
As described by Narsh (1979), 
statistical apnroaches are 
available in the literature 
for treating simpler two-com- 
ponent systems. For complex 
two-component systems, simula- 
tion approach had already been 
develooed bv Swaminathan and 
Madha& (1982). Complica- 
tions like unequal reactivity 
even in like groups had also 
been treated using simulation 
approach (see Swaminathan and 
Madhavan - 1981). 
In the present paper, a simu- 
lation model capable of pre- 
dicting the sol-gel fractions 
of 3 component polymer systems 
is presented. The development 
of the above model wasto a l 
certain extent based on the 
evaluation of the so-called 
finite chain coefficient.de- 
fined b-v Miller and Mascosko 
(1976),&herein the probability 
of a branch leading eventually 
to a finite end is determined. 
In the simulation model,the 
fate of an entire branch unit 
is determined and such units, 
as have finite enda on all 
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branches, sxe classified as belonging 
to the sol. Since the simulation 
consists of a very large number of 
repetition of the same experiment, ~0 
closed model becomes necessary a;nd 
any complex system can be treated 
with considerable success, subject 
perhaps, to the only handicap of the 
entailment of a larger computational 
time. 
T';'T~MCOMPONENT POLYIVUR 
Let A, B, C represent the three com- 
ponents of the system, each component 
having mono-, bi-, s&l tri-functional 
groups. The system may be represent- 
ed now as a 3,2,1/3,2,1/3,2,1 system. 
Fig. 1 describes the components and 
the reactions of the system. 
COMPONENTS 
BIFUNCTIONAL 
A- A, 0 -0, c -c 
MONOF UNCTIONAL 
A-, 0 l e c- 
REACTIONS 
+A+B+ * w 
WA-cc+ l +v@-w 
@-S+c+ ‘q+(&$$s 
FIG-I. CmNENTS AND REACTIONS 
OF 3-COMPONENT POLY MER 
SYSTEM. 
The following terminology is generally 
followed in the reactivity and frac- 
tions of,occurrence of the various 
@;rOuPS( cf. Madhavan et. al. 1981) 
'A, 'B' 'C = Probability that A, R 
and C will react 
a1*a2' 3 
b,,b2, b 
i 
= 
Cl'C29 c3 
RA, RB, RC= 
fractions of 
monolbi-and tri- 
finctional components 
in A, R and C 
fractions of A, B and C 
components 
The factions are all taken in such a 
way that their respective sums are 
units, ie 
Cai =l 
zbi =I 
2% =' 
s.na 
RA+ RB+ RC= 1 
THE SIKULATION MODEL 
We start the simulation procedure 
with all the branches of a branchine 
unit and depending on the various 
probabilities described earlier. per- 
&it the reactions to take placeVufitil 
the fate of each branch is determined. 
If all the branches reach a stage 
wherefrom no further reaction is 
possible, ie, end of chain condition8 
occur on all the branches, the unit 
goes, ofnecessity, to the sol; and 
in the cl>ntrary case, ie, if, sny of 
the branches reacts to form an in- 
finite chain, the unit goes to the 
gel. The ratio of the number of all 
the units which form the sol to the 
total number of experiments carried 
out evidently gives the sol fraction 
and the gel fraction is its com- 
;:imentary, namely l-s. 
THE 3,2,1/3,2,1/3,2,1 
SYSTEM 
k-t us treat the 3,2,1/3,2,1/3,2,1 
polymer system which is fairly comdex 
and which brings out the salient fea- 
tures of the simulation procedure. 
The details of the methodology are 
described in the follow;ng steps. 
1. SteD A set of 4 pseudo-random 
numbers are PJi (L.=1,2,3,4-) 
such that 0 c "Id 47 is generated. 
T:ese random number are used as guides 
in simulating the reaction. 
F* 
The first question is whetha: 
he experiment starts with the tri- 
functional unit of A, B, or C compo- 
nent, which is solved as : 
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the reaction starts with tri-function- 
al A. 
the reaction starts with tri-function- 
al B. Otherwise reaction starts with 
tri-functional C. 
Step 3. Select one branch unit. The 
follovving calculation is repeated for 
all the branches. 
Sten 4. A unit reacts if N2 is less 
than the probability of that component 
(A, R or C) to react ( eg. N2< PA). 
If the above condition is not satis- 
fied, the chain ends. 
Step 5. Next question is with which 
component the reaction takes place, 
since a component (say A) can react 
with any one of the other two (ie B 
or c). In the case of A, it is 
settled as 
If NJ< Rs 
Rs+ RC ' 
A reacts with B; otherwise A reacts 
with C. Similar reasoning can be 
used for the reaction of B and C also. 
s* Now the unit is to be deter- : Suppose A reacts with B, then: 
If N4< bl_/ 
A reacts with%ko-functional B ant? 
the chain ends. 
If bl L_ r\l 
3% 4 
L, bl+bz, 
ZE bi 
A reacts with bi-functional B; the 
reaction continues i.e. Step 3 is 
executed. Otherwise A reacts with 
tri-iiunctional B and branching occurs. 
Continue the experiment now with two 
branches, ie, Step 3 is executed 
twice. 
F 
If the chain ends on all the 
bra&hes the unit goes to the sol. 
Step 1 is executed. 
8. SteD If the total number of 
branches becomes large,the unit goes 
to gel. Again Sept 1 is executed. 
SteD 9. If Step 1 is executed a 
sufficiently large number of times 
such that further repetitions cannot 
make alteration in the sol-gel frac- 
tions, the process is terminated. 
Modifications can be easily carried 
out in this algorithm to treat more 
complex situations such as those 
characterized by the occurrence of 
unequal reactivity in the same com- 
ponent or higher functionality. 
COMPUTER PROGRAM AXD 
RXSULTS 
A corn uter program was developed in 
FORTR N language to carry out the T: 
Details of 
system I II III 
al 
a2 
a3 
b? 
b2 
b3 
cl 
c2 
c3 
Gel 
fraction 
No. of 
iterations 
Corn uter 
P 
time 
Sets) 
0.2 0.15 
0.5 0.6 
0.3 0.25 
0.15 0.0 
0.5 C.8 
0.75 0.2 
0.1 0.i 
0.75 0.85 
0.15 0.05 
0.63 0.67 
1000 1000 
150.6 236.7 169.5 
0.1 
0.6 
0.3 
0.95 
C.75 
0.2 
0.15 
0.7 
0.15 
0.76 
1000 
Table 1 Gel fraction for 3 
different systems 
(pA = 0.95, PB= 0.98, = PC 0.97, 
RA = 0.5, RR= 0.3, RC = 0.2) 
above simulation and was made opera- 
tional on the CDC CYBEK 170/730 com- 
puter of Vikram Sarabhai Space Centre, 
Trivandrum. The intrinsic function 
RANP (A) was made use of for genera- 
ting random numbers. The program was 
checked using data for a 3,2,1/2,1 
system for which sol fraction can be 
evsluatec? easily by statistical pro- 
cedure. CPU time for a fixed number 
of iterations varied in cases of 
different systems, since the number 
of artthmatic operations changed with 
changes in fractions of functional 
groups and reactivities. As an exam- 
ple in situations characterized by 
more bi-functional units Steps 3 & 4 
will have to be executed more number 
of times compared with those with 
less bi-functional units. The com- 
puter time and other details for 3 
different systems are given in Table 
i. The results obtained for a typi- 
cal system when the number of itera- 
tions varied from 1000 to 4000 are 
given in Table 2. 
CONCLUSION 
A simulation model for the evaluation 
of the network characteristics of 
crosslinked 3 component system 
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Number of Computer Gel 
iteration time fraction 
_________--___-_____~--~--~~~~~~~-~ 
.- 
1000 148.5 9.6300 
7500 223.2 0.6266 
2000 297.0 0.6275 
2500 370.a 0.6296 
3000 442.9 0.6236 
3500 513.2 0.6257 
5th ICMM 
Marsh, H-E. (1979). Modelling of 
polymer networks for application 
to soli propellant formulating. 
aPublication 79-70 
Jet Propulsion Laboratory, 
California. 
Miller, D.H. and Macosko, C.W. (1976) 
A new derivation of post gel pro- 
ber-ties of network polymers. 
Macromolecules, 9, 206-211 
4000 585.9 0.6285 
____^~___-__________~~~-~~~~~~~~~_~~ 
Table 2 Computer time and Gel 
fraction for different 
iterations for the first 
system in Table 1. 
is described. The model is general 
and is capable of being applied to 
more complicated situations. Details 
of the relevant computer program and 
results obtained using it are also 
presented. 
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